Extracellular calcium concentrations (Cao) Ͼ 0.1 mM are required for the differentiation of normal human keratinocytes in culture. Increments in Cao result in acute and sustained increases in the intracellular calcium level (Cai), postulated to involve both a release of calcium from intracellular stores and a subsequent increase in calcium influx through nonspecific cation channels. The sustained rise in Cai appears to be necessary for keratinocyte differentiation. To understand the mechanism by which keratinocytes respond to Cao, we measured the acute effects of Cao on Cai and calcium influx in keratinocytes at various stages of differentiation. We then demonstrated the existence of the calcium receptor (CaR) in keratinocytes and determined the effect of calcium-induced differentiation on its mRNA levels. Finally, we examined the role of Cai in regulating both the initial rise in Cai after the switch to higher Cao and the activity of the nonspecific cation channel through which calcium influx occurs. Our data indicate that the acute Cai response to Cao is lost as the cells differentiate and increase their basal Cai. These data correlated with the decrease in CaR mRNA levels in cells grown in low calcium. However, calcium influx as measured by 45 Ca uptake increased with differentiation in 1.2 mM calcium, consistent with the increase in CaR mRNA in these cells as well as the calciuminduced opening of the nonspecific cation channels. We conclude that the keratinocyte contains a CaR that regulates both the initial release of Cai from intracellular stores and the subsequent increase in calcium flux through nonspecific calcium channels. A rising level of Cai may turn off the release of calcium from intracellular stores while potentiating the influx through the nonspecific cation channels. 
Introduction
Normal human keratinocytes grow and differentiate in vitro, forming stratified sheets that retain the basic organization of the intact skin (1, 2) . Extracellular calcium concentrations (Cao) 1 Ͼ 0.1 mM initiate a cascade of genomic and nongenomic events in which keratinocytes progress from small proliferating cells in monolayers to stratified sheets with cornified envelopes (CE) (3) (4) (5) . A key feature in this response to Cao is the rise in intracellular calcium (Cai) (6) (7) (8) (9) . Keratinocytes are unusual in their ability to respond to relatively small changes in Cao. For example, a sustained increase in Cai is observed in normal murine keratinocytes when their Cao was changed from 0.1 to 0.12 mM, whereas fibroblasts cannot distinguish such small changes (10). The concentrations of Cao (0.1-0.16 mM) that control the optimal expression of specific differentiation-related mouse keratinocyte genes correspond to the same concentrations of Cao that elicit the Cai response (11) . At concentrations that block membrane calcium flux in a variety of cells including keratinocytes, lanthanum blocks the ability of Cao to increase Cai and prevents calcium-induced keratinocyte differentiation (12). These findings support the concept that the rise in Cai after an increase in Cao is critical for the regulation of keratinocyte differentiation and that this rise in Cai is itself tightly regulated.
The means by which Cao increases Cai is likely to involve several processes. Cao activates the phospholipase C (PLC) pathway resulting in a rise in inositol trisphosphate (IP 3 ) that coincides with the increase in Cai (13) (14) (15) (16) (17) . IP 3 could either be the mediator of the rise in Cai by releasing calcium from intracellular stores or the result of calcium-activated PLC activity. Cao also stimulates transmembrane calcium flux (18) . This appears to occur by calcium activation of both chloride channels, leading to hyperpolarization of the membrane (19) and voltageindependent nonspecific cation channels permeable to calcium (20) . The net result is that Cao leads to an acute but transient rise in Cai followed by a sustained increase in Cai, which appears to be necessary for the differentiation response (6) (7) (8) (9) (10) (11) (12) (21) (22) (23) .
These features of the Cai response of the keratinocyte to Cao are reminiscent of the Cai response of the parathyroid gland to Cao, where coupling of changes in Cao to the activation of the PLC pathway and activation of voltage-independent calcium influx (24, 25) are now known to be mediated by a calcium receptor (CaR) (26) . This receptor, when expressed in oocytes, mediates calcium (and other cation)-stimulated increases in Cai, IP 3 , and Cl Ϫ currents across the membrane (26) . In this report we provide evidence for the existence of the same receptor in keratinocytes.
In our own studies and those of others, the Cai response to Cao appears to change with differentiation. The acute rise in Cai in response to increased Cao is greater in undifferentiated normal keratinocytes and in transformed keratinocytes that fail to differentiate (6, 9, 21) than in differentiated keratinocytes. However, the basal Cai levels increase with differentiation (7, 21) , and, as shown in this study, this is due in part to a rise in calcium influx with differentiation. Therefore, to determine the mechanism underlying the differentiation-dependent change in the Cai response to Cao, we analyzed the change in the acute response of Cai to Cao, the change in calcium influx, and the change in mRNA levels of the CaR as the keratinocytes differentiate in response to calcium.
Methods
Materials. Indo-1 acetoxymethylester (AM) and Fura-2 AM were purchased from Molecular Probes, Inc. (Eugene, OR). Ionomycin was from Calbiochem Corp. (San Diego, CA). All other chemicals were from Sigma Chemical Company (St. Louis, MO).
Cell culture. First-or second-passage keratinocytes isolated from neonatal human foreskins were used in these studies. They were grown in serum-free keratinocyte growth medium (KGM) obtained from Clonetics Corp. (San Diego, CA) or from GIBCO BRL (Gaithersburg, MD) as described previously (27) . Briefly, keratinocytes were isolated from newborn human foreskins using 0.1% trypsin/ 0.01% EDTA, and the primary cultures were grown to 80-90% confluence in KGM containing 0.07 mM calcium. Second-passage keratinocytes were then grown in KGM containing variable concentrations of calcium and were evaluated at different stages of confluence as indicated. For electrophysiologic studies, the cells were studied 1 d after replating.
Measurement of Cai. Cai measurement in suspended keratinocytes was carried out as described previously (7, 21, 23) . Briefly, trypsinized keratinocytes were loaded with 2 M Indo-1 AM in buffer A (20 mM Hepes buffer, pH 7.4, containing 120 mM sodium chloride, 5 mM potassium chloride, 1 mM magnesium chloride, 1 mg/ml pyruvate, 1 mg/ ml glucose, and 0.03 mM calcium chloride). Cells were then washed three times with buffer A and resuspended in buffer A at the original cell concentration of 1-1.5 million cells per milliliter. Cells were washed and resuspended in fresh buffer A before each measurement, and all the measurements were completed within 2-2.5 h after Indo-1 loading. Cells studied in this fashion show little Indo-1 leakage. Fluorescence was recorded with a fluorimeter (650-40; Perkin-Elmer Corp., Norwalk, CT) using 350 nm and 405 nm for excitation and emission wavelengths, respectively. Each sample was calibrated by the addition of ionomycin (10 M final concentration) (Fmax) followed by 0.1% Triton X-100 and 10 mM EGTA/Tris, pH 8.3 (Fmin). Cai was calculated from the following formula: Cai ϭ K d (F Ϫ Fmin)/ (Fmax Ϫ F) where K d for Indo-1 for Ca is 250 nM (28) .
Cai measurements in attached cells. Cai levels of keratinocytes attached to glass coverslips were measured using two different methodologies. The first used a laser-based fluorescence image analyzer system from Meridian Instruments (Ann Arbor, MI) (23) . The cells attached to special coverslips of 1-mm thickness were loaded with 1 M Indo-1 AM and mounted on the stage of an inverted fluorescence microscope. The fluorescence was determined at an excitation wavelength of 351-363 nm, and emitted light was detected simultaneously by two photomultiplier tubes, one set at wavelength maxima for the Ca-Indo-1 complex (405 nm) and the other set for free Indo-1 (485 nm). Ca (keeping the specific activity constant) for various lengths of time (12). The plates were washed three times with 1 mM EGTA solution, cells were dissolved in 0.1 N NaOH, and an aliquot was counted to quantitate the amount of 45 Ca taken up into the cells.
Electrophysiologic measurements. The methods were as described previously (19, 20) . The standard external solution (KGM buffer) consisted of (in mM): 135 NaCl, 5 KCl, 0.07 CaCl 2 , 28 N -tris (hydroxymethyl) methyl-2-aminoethane sulfonic acid (TES), 14 NaHCO 3 , NaOH to adjust the pH to 7.4, and 10 glucose (pH 7.4, 330 mOsm). The solution was gassed with a 5:95% CO 2 /O 2 mixture during the experiments. KGM buffer containing 2 mM Sr 2 ϩ or 2 mM Ba 2 ϩ was added to the bath solution through a port in the perfusion chamber. The pipette contained (in mM): 150 K-aspartate, 20 KCl, 10 tetramethyl ammonium hydroxide-TES and 50 g/ml nystatin (pH 7.25, 330 mOsm). Patch pipettes were pulled from borosilicate glass (Sutter Instruments, Novato, CA) on a puller (Brown-Flaming; Sutter Instruments) to a resistance of 102 Mohm. After seal formation, currents were recorded in the excised inside-out nystatin-permeabilized whole-cell configuration (29) . Membrane currents were measured with an amplifier (Axopatch 200; Axon Instruments, Inc., Foster City, CA). The current signal was filtered at 1 kHz with an eight-pole lowpass Bessel filter (Frequency Devices, Inc., Haverhill, MA) digitized at 521 s/point using a TI-1 DMA interface connected to a 486 computer (Everex, Fremont, CA) and stored on disk. Whole-cell and single-channel currents were analyzed using the pClamp program (version 6.0; Axon Instruments, Inc.). For isolation of Cl Ϫ currents, linear leak currents and uncompensated currents through membrane capacitance were measured using a P/4 protocol (30). P/4 currents were digitally subtracted from the current record for analysis of voltage-gated currents.
CaR mRNA levels. Total RNA was extracted by the method of Chomczynski and Sacchi (31) . In brief, the cells were dispersed in lysis solution (4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.5% sarcosyl, 0.1 M 2-mercaptoethanol), RNA was purified after a series of phenol/chloroform extractions and after ethanol precipitation was quantitated by spectroscopy. The quality of the RNA was assessed by 1% agarose-formaldehyde electrophoresis. Two methods of quantifying the mRNA levels for the CaR were used. The first method used reverse transcriptase (RT)-PCR. 5-g RNA samples were reverse transcribed with recombinant M-MuLV RT (Boehringer Mannheim Corp., Indianapolis, IN) and amplified by standard PCR procedures. Samples were assessed for GAPDH using the primers CGGCCATCACGCCACAGTTT and TCACCACCATGGAGA-AGGCT, and for the CaR using the primers TTCCGCAACACACCC-ATTGTCAAGG and GGATCCCGTGGAGCCTCCAAGGCTG (32) . The GAPDH primers result in a 293-bp fragment, whereas the CaR primers encode a 823-bp fragment. Preliminary experiments showed that 22 cycles of PCR were within the linear portion of cDNA production from the GAPDH message, whereas 32 cycles were within the linear portion of cDNA production from the CaR message. Accordingly, each sample underwent 22 cycles with the GAPDH primers and 32 cycles with the CaR primers. In all cases, controls containing either no sample or no RT were performed to exclude DNA contamination in the tubes or in the samples. In previous experiments we found that expression of the GAPDH gene does not change with calcium-induced differentiation, and we have used the levels of the GAPDH mRNA determined by RT-PCR to normalize the data for the CaR mRNA. The second method used ribonuclease protection as previously described (33) . The 823-bp PCR product was subcloned into pGEM4Z (Promega, Madison, WI). This construct was linearized using Sph1, from which radiolabeled RNA was produced, starting at the SP6 promoter using the riboprobe kit (Promega). The riboprobe was gel purified before use. 30 g RNA was incubated with 2-4 ϫ 10 5 cpm of the riboprobe overnight at 45 Њ C before RNase digestion and separation of the products on a sequencing gel. Quantitation was performed by autoradiography and densitometry. This probe protects a 298-bp fragment predicted by the presence of the Sph1 site within the 823-bp fragment.
Sequencing the 823-bp fragment. The 823-bp fragment subcloned into pGEM4Z was sequenced in both directions starting with the SP6 and T7 sites flanking the insert. Sequencing was performed using the Sequenase kit (version 2; U.S. Biochemical Corp., Cleveland, OH). Primers were prepared by the Biomolecular Resource Center (University of California, San Francisco, CA). Sequence analysis and alignments were performed on-line using selected programs in IntelliGenetics, Inc. (Mountain View, CA).
Results
To determine the influence of differentiation on the ability of the keratinocytes to respond to Cao, we grew keratinocytes in 1.2 mM Cao to permit differentiation or 0.07-0.15 mM Cao to retard differentiation and quantitated the Cai response to Cao at different stages of confluence. At the time of assay the medium was changed to calcium free, cells were loaded with Indo-1, and the basal fluorescence was measured. The response of cells to 2.0 mM Cao was then measured under identical conditions in all the cell preparations. As seen in Fig. 1 , the response of keratinocytes to Cao varied as the cells differentiated. Keratinocytes grown in low calcium to confluence had a much greater increase in Cai after the addition of 2 mM Cao than did cells grown in 1.2 mM Cao. Beyond confluence, the calcium response was progressively lost, especially the initial transient increase in Cai, and this loss occurred more rapidly in the cells grown in 1.2 mM Cao, corresponding to their faster rate of differentiation. Similar results were obtained in other experiments in which cells grown in 0.07 mM Cao were compared with those grown in 1.2 mM Cao.
The basal Cai followed an inverse relationship to the acute Cai response to Cao (Fig. 2) . Less differentiated cells (0.07 mM Cao, preconfluent) displayed the lowest basal Cai and the greatest Cai response to 2 mM Cao, whereas more differentiated cells (1.2 mM Cao, postconfluent) displayed the highest basal Cai and the lowest Cai response to 2 mM Cao.
When the Cai of individual cells was measured using the ACAS-570 laser-based image analyzer (Meridian Instruments) (Fig. 3) , we observed heterogeneity of the response to Cao. In the cells grown to 60% confluence in 0.07 mM Cao, essentially all cells responded to 2 mM Cao with an increase in Cao. As the cultures progressed in time, fewer cells responded; In previous experiments, we had found that the Cai response to Cao was saturable, with maximum response at 2 mM Cao, suggesting a receptor-mediated mechanism (7). The CaR in the parathyroid gland is activated not only by calcium but by other cations, including barium and strontium (24, 25) . Using single-cell recordings, we found that nearly 50% of cells grown to confluence in 0.07 mM calcium showed a robust Cai response to both barium and strontium (Table I) . Strontium increased Cai in 7 of 16 cells from 77 to 235 nM, whereas barium increased Cai in 7 of 16 cells from 67 to 181 nM. Under comparable circumstances, calcium stimulated Cai in nearly all cells (data not shown). Resting Cai was not significantly different in responding and nonresponding keratinocytes.
A second feature of the CaR from parathyroid tissue is its coupling to chloride currents (26) . Such currents have been described in keratinocytes (19) . To determine whether such currents were linked to a CaR similar to that found in parathyroid cells, we compared the ability of strontium and barium to activate the chloride current previously shown to be activated by calcium (19) . The results of representative recordings are shown in Fig. 4 . Although the amplitude of these currents var- ied from cell to cell, 2 mM calcium, strontium, and barium increased the current for any given increment in voltage. Calcium led to an increase in the voltage-sensitive chloride current of 241% ( Ϯ 61%) in all 10 cells studied. Addition of strontium caused an average increase of 50% ( Ϯ 13%) in the voltage-sensitive chloride current in 5 of 10 cells studied. Similarly, barium caused an increase of 38% ( Ϯ 12%) in the voltage-sensitive chloride currents in 3 of 8 cells studied. There was no significant effect of strontium or barium on voltageindependent currents that contain both the large and small nonspecific cation channels. An increase in the chloride current would hyperpolarize the cell and increase the driving force for cation (e.g., calcium) entry.
To test more directly for the presence of a CaR, we examined keratinocytes for the recently described CaR mRNA using RT-PCR and primers developed for human tissue (32) . We obtained an 823-bp fragment that was highly homologous to the comparable region of the bovine and human sequences (26, 34) (Fig. 5) . We found five differences with the human sequence (bases 1926, 2148, 2231, 2393, 2709), none of which resulted in a change in the amino acid residue. In all cases, the keratinocyte sequence was identical to the bovine sequence where it differed from the human sequence, suggesting that these changes may be benign polymorphisms.
To determine whether the mRNA levels of the CaR were affected by calcium-induced differentiation, we grew keratinocytes in 0.03 or 1. To determine whether the sustained increase in Cai after increased Cao involved calcium influx, we carried out the 45 Ca influx studies shown in Fig. 7 , A -C . Keratinocytes were grown in 0.07 or 1.2 mM Cao until 80% confluent (preconfluent), confluent, or 1 wk postconfluent. To determine the time course of 45 Ca uptake by these cells, medium was changed to calcium-free conditions 10 min before assay, and 45 Ca was added in 0.03 mM calcium for 1 h, after which the maximum calcium concentration was raised to 1.2 mM without changing the specific activity of 45 Ca. At different times throughout the assay, the medium was removed, the cells were washed, and the 45 Ca content of the cells was determined and normalized to cell number (as assessed by DNA content). Time courses of 45 Ca uptake using preconfluent, confluent, and 1 wk postconfluent cells grown in 0.07 and 1.2 mM Cao were determined. When calcium influx was assayed at low Cao (0.03 mM), preconfluent keratinocytes grown in 0.07 mM Cao had a higher peak 45 Ca uptake than did preconfluent keratinocytes grown in 1.2 mM Cao. This uptake peaked by 10 min and decreased thereafter. The ability of cells to accumulate calcium at 0.03 mM Cao decreased in the cells grown in 0.07 mM Cao but not in the cells grown in 1.2 mM Cao. When calcium uptake was assayed at higher Cao concentrations (1.2 mM Cao), cells grown in 1.2 mM calcium showed a progressive increase in their ability to accumulate calcium as they differentiated. This was not seen in cells grown in 0.07 mM Cao. Thus, it appears that calcium accumulation by keratinocytes at 0.03 and 1.2 mM Cao proceeds by two different mechanisms that are affected differently by calcium-induced differentiation. The loss in uptake of calcium at 0.03 mM Cao is best seen in keratinocytes grown in 0.07 mM Cao and correlates with the loss of the CaR mRNA in those cells, whereas the increase in uptake at 1.2 mM Cao is best seen in keratinocytes grown in 1.2 mM Cao and correlates with the increase in CaR mRNA seen in those cells.
The nonspecific cation channel of keratinocytes is a likely candidate to mediate the calcium-induced influx seen at 1.2 mM Cao because it is calcium activated and calcium permeable (20) . Since previous studies had demonstrated the existence of this channel even in the early stages of keratinocyte differentiation (20) , we tested the hypothesis that the increase in calcium influx with differentiation in 1.2 mM Cao was due to increased opening time of this channel rather than to increased channel number. Since a major difference between cells grown in 0.07-0.15 mM Cao and 1.2 mM Cao is the extent of the rise in Cai (Fig. 1) , we assessed the ability of Cai to regulate the opening of this channel. Representative recordings (n ϭ 4 for each condition) are shown in Fig. 8 . At 50 nM calcium, the channel is closed 80% of the time. A substantial increase in opening time (to 56%) occurred at 500 nM calcium, with no further increase at 70 M calcium. Thus, the increased capability of cells to accumulate calcium at 1.2 mM Cao as they differentiate in the presence of calcium could reflect the greater opening time of their nonspecific cation channels as a result of their increase in Cai.
Discussion
Acutely increasing Cao to 0.1 mM or above (calcium switch) leads to rapid changes in genomic and nongenomic events in keratinocytes, eventuating in terminal differentiation. Within minutes after the calcium switch, redistribution of desmoplakin occurs from cytosol to membranes, where it participates in desmosome formation (3, 4) . Within hours of the calcium switch, levels of involucrin and loricrin (precursors of the CE) and keratinocyte-specific transglutaminase (the enzyme that cross-links protein precursors into the CE) increase (35, 36) . Within 1-2 d of the calcium switch, CE formation is apparent (22) .
Despite a wealth of knowledge about the events that occur with the calcium switch in keratinocytes, the mechanism by which keratinocytes respond to changes in Cao is not well understood. One of the earliest responses of human keratinocytes to increases in Cao is an acute increase in Cai.
Stepwise addition of Cao to neonatal human keratinocytes is followed by a progressive increase in Cai, where the initial spike of increased Cai is followed by a prolonged plateau of higher Cai (7) . This response of Cai to Cao in keratinocytes is saturated at 2.0 mM Cao (7, 8) .
The Cai response of keratinocytes to Cao resembles the Cai response of parathyroid cells to Cao (24, 25, 37-39), in that a rapid and transient increase in Cai is followed by a sustained increase in Cai above the basal level. This multiphasic response is attributed to an initial release of calcium from intracellular stores followed by an increased influx of calcium through voltage-independent cation channels. The parathyroid cell contains a cell membrane CaR thought to mediate this response to Cao. This receptor can activate the PLC pathway, leading to an increase in IP 3 levels as well as stimulating calcium influx and chloride currents (25, 26, 39) . As in keratinocytes, the response of Cai to Cao in parathyroid cells is saturated at 2.0-2.5 mM Cao. The CaR in the parathyroid cell is not highly selective in that it shows a Cai response to other divalent cations, such as barium, strontium, and magnesium, and to trivalent cations such as lanthanum and gadolinium. (37). In this study we have shown very similar characteristics in the calcium response of keratinocytes. In particular, we have shown calcium-activated calcium influx and demonstrated that barium and strontium as well as calcium can raise Cai and activate chloride currents, although some of the apparent increase in Cai in response to these ions may be due to their ability to enter the cell and interact with Fura-2 (40) . Other investigators have demonstrated calcium-activated IP 3 production (13-17) and non-calcium cation-stimulated influx (18) in keratinocytes. Most importantly, however, we have shown that the mRNA for a CaR nearly identical to that reported in the parathyroid gland (26, 34) is found in keratinocytes. The mRNA levels of the CaR change with differentiation in a manner that correlates with the changes in the calcium response during differentiation.
At least two mechanisms appear to underlie the Cai response of the keratinocyte to Cao: release of Cai from intracellular stores and calcium influx through nonspecific cation channels. With differentiation, the basal Cai rises, the acute and transient response of Cai to Cao is lost, and calcium-activated calcium influx increases. The CaR may participate in both mechanisms, but its role may be influenced by the basal Cai. In cells grown in low calcium conditions, the mRNA for the CaR is low and tends to decrease with time in culture, explaining the loss of the acute Cai response to Cao if, as seems likely, the CaR in the keratinocyte is coupled to the PLC pathway in the same fashion as that in the parathyroid cell. Transformed keratinocytes, which do not differentiate under the influence of calcium, maintain a robust acute Cai response to Cao, not losing this response with time in culture, unlike normal keratinocytes (21) . Furthermore, transformed keratinocytes do not lose their mRNA for the CaR when grown in low calcium conditions (Ratnam, A., and D.D. Bikle, unpublished observations). However, normal keratinocytes grown in higher Cao lose this acute Cai response to Cao as they differentiate but do not lose their mRNA for CaR; rather, their CaR mRNA levels increase. Associated with this rise in CaR is an increase in calcium-activated calcium influx. This also might be coupled to the CaR, either directly or via a rise in basal Cai. The rise in basal Cai could alter these processes by two mechanisms. First, it could decouple the CaR from direct activation of the PLC pathway (by activating this pathway directly), accounting for loss of the acute Cai response to Cao. Second, it could activate the nonspecific cation channels as shown in this report, leading to the marked increase in calcium-activated calcium influx seen in the differentiated cells. From these studies, we conclude that the calcium-sensing mechanism of keratinocytes involves a CaR linked to the acute but transient elevation of Cai via activation of the PLC pathway as well as to calcium-activated calcium influx through nonspecific cation channels, which leads to a more sustained increase in Cai. The sustained rise in Cai appears to be more important for differentiation (8-12, 23, 31) , but the acute rise in Cai may signal the mechanisms required for the sustained increase in Cai. The exact means by which the CaR is linked to both mechanisms and the manner in which CaR production and function are controlled during differentiation remain subjects for future investigation. Currents were recorded from a membrane patch in the excised inside-out configuration, with the cytoplasmic side of the plasma membrane exposed to differing concentrations of calcium. Normal human keratinocytes were plated on plastic dishes in KGM Ringer containing 50 nM calcium (2 mM EGTA, 0.92 mM CaCl 2 ). After recording membrane currents at this calcium concentration, the bath solution was switched to 500 nM calcium (2 mM EGTA, 1.78 mM CaCl 2 ), then to 0.07 mM calcium. The pipette contained KGM Ringer with 0.07 mM calcium throughout the experiment. These results are representative of four recordings at each Cai. Increasing the Cai from 50 to 500 nM increased the probability of the channel being open from 20 to 56%.
